Quadruped robots can mimic animal walking gait and they have certain advantages like walking on terrain and extremely rough surfaces. Obstacles can impede the movement of wheeled vehicles, where a quadruped can adapt to avoid obstacles by adjusting its height. A quadruped robot is designed and developed for in this paper, which could be controlled by the Android operating system. The Inverse Kinematics Solutions are derived for the developed structure using DenavitHartenberg convention and using those solutions the movements are simulated using a custom-made 3D software. An Android application is developed, which is able to control the robot using Bluetooth. The robot currently has following six different movements: front, back, left, right walking, clockwise and anti-clockwise rotation. The robot uses the ultrasound sensor to detect any obstacle closer than 300 cm (maximum) and if an impediment appears, the robot will automatically move parallel to the obstacle until it is avoided. Currently, it can move at a speed of 15.5 cm/s (approximately). To complete a full rotation of 360 , it takes 6 seconds. It can be used to develop and implement any autonomous path-planning algorithm.
Introduction
The necessities of mobile robots for complex and dangerous environments have initiated the development of dynamic quadruped machines, which exploit the potential advantages of the legged locomotion and enhanced mobility in unstructured terrains [1] . Such a versatile system with high maneuverability should be labor efficient, cost-effective, and indispensable in industries. As its name suggests, Quadruped Robots have four legs or limbs and follow the gait patterns of quadruped animals. They are faster and more stable than biped robots. Depending on their leg structure, they can be broadly classified into two categories, Mammal-type and Sprawling-type. The Mammal-type robot, in its standard posture, has its legs in a vertically downward position from the base. Advantages of this leg-configuration include faster walking capability [2] . The joints in this configuration require a less amount of torque compared to its Sprawling-type counterparts. The shape also helps the robot to walk in a comparatively narrow region as it possesses smaller footprint.
The Sprawling-type robot has the first segment of its leg, which is the thigh, placed in the horizontal direction and the second half, the shank, placed in the vertical direction. This configuration offers several advantages over the Mammal-type. They have better stability and also have a dynamic range of feet placement. Also, the moving direction is not constrained to a certain direction, rather they can walk in any of the four directions instantly. They have a low center of gravity and as a result, in case it topples over, the damage to the body is considered to be minimal [2] . This feature is of paramount importance if the robot is to be employed for carrying objects. Considering the stability and dynamic movement facility of the structure, the development of a Sprawling-type Quadruped robot is selected for this experiment.
In the early twenty-first century, Kimura et al. [3] developed an adaptive dynamic walking technique for a quadruped robot on both irregular terrain and natural ground [1, 3] . Later, an adaptive locomotion control for compliant quadruped robot was also developed and successfully experimented by Buchli and Ijspeert [4] . Their system was capable to constantly track body properties and readjust along with the gait parameters being dependent on the geometry and movement of the robot. During this time frame, Tekken, another quadruped robot was built by Fukuoka and Kimura to walk on irregular terrain with a medium speed [5, 6] . It included joints containing PD-controller, which inspired virtual spring-damper system similar to the viscoelasticity model of the muscle. These early initiatives encouraged Boston Dynamics to develop BigDog [7, 8, 9, 10] , which could capture the mobility and speed of a natural four-legged animal. BigDog could move on very steep, rutted, rocky, wet, muddy and snowy surfaces and could be used to carry objects as well. At the same time, another quadruped robot named LittleDog [11, 12, 13, 14] was built which possessed negotiation capabilities with incoming obstacles of height up to 7.5 cm (about 40% of the robot's leg length). As the technology matured, a versatile quadruped robot named HyQ is developed that was able to perform highly dynamic motions using its 12 torque-controlled joints powered by hydraulic and electric actuators [30] . This hydraulic actuation allowed the powerful dynamic motions that were harder to achieve with the traditional electrically actuated robots [15] . In addition to the walking technique, another engineering concern is the design of the robot leg. A well-known contribution to this problem is the work of Boston Dynamics, in which engineers designed optimum leg mechanism to walk/run or climb in inclined and vertical surfaces [16] . Finally, an efficient physical system requires robust software, which should be built upon a peer-analyzed mathematical model. Ito et al. presented such model of the adaptation of locomotion patterns to a variable environment [17] . Among popular kinematics solutions, the Inverse Kinematics is often exploited in quadrupedal walking [18] . An efficient approach to derive Inverse Kinematics Solutions is to use Denavit-Hartenberg convention [19, 20, 21, 22] .
Further controlling of velocity can be performed by using velocity kinematics solutions [23, 24, 25] . The underlying kinematics can be enhanced by introducing PID [26] or Fuzzy controller [27] to improve the movement of the robot. The objective of this paper is to design and develop the hardware for a Sprawling-type quadruped robot that has the ability to walk on a relatively smooth surface. The movement of the joints of the robot is controlled by using the Inverse Kinematics Solutions that are derived for that particular structure. The Inverse Kinematic solution is derived using Denavit-Hartenberg convention and employed to control the locomotion of the robot. After designing the structure of the robot, a custom-made simulation software is used to replicate the movement of the designed structure using the solutions. Successful results of the simulation indicate the applicability of the solutions, so the robot can be constructed as designed after that. In addition, obstacle sensing is of paramount importance to this work. Among many forms of detection technology, image processing camera, ultrasound sensor and infrared detector are more popular [28, 29, 30] . Despite the advantage of recognizing the surroundings by a camera, we have taken account the simplicity and the overall cost of the system and thus ultrasound sensors are chosen for this work. Finally, since Android-based smartphones and handheld devices are widely available, the feature to control the robot via an Android app [31] using Bluetooth technology is added. The Androidbased control system is robust for control and manipulation and it increases the portability to test the robot in different environments. The robot proposed in this work is, at its conceptual level, interesting for experimental research.
Although better quality quadruped robots are available, the costs of those are beyond reach for general researchers from a developing country. Insufficient fund discourages students and general researchers to work on robotics and related field. The designed robot is very cheap compared to the similar robots available. This robot can be easily constructed from materials available locally. In addition, the hardware design and software is available publicly so that interested people can work on their related research using these resources. Other students are currently using the developed robot that is used for this paper, for research purposes.
The paper is organized as follows: in Section 2, we discuss the methodology of the system development. Section 3 presents structure design and system model, followed by the experimental details, results and analysis in Section 4. The concluding remarks are presented in Section 5.
Model

Mathematical model
The quadruped robot has four legs and each one has two degrees of freedom (2DOF). These 2 degrees of freedom are for the hip joints and knee joints of the legs and in this case, revolute joints are considered. The robot has, in total, eight degrees of freedom (8DOF). The Forward and Inverse Kinematics for each leg need to be calculated to move them along the desired trajectory. But before applying the Inverse Kinematics Solutions, simulating the result is helpful to detect whether there are any errors in the solution. If the simulation is successful, those equations will be applied to the robot. For each of the four legs of this robot, a mathematical model is developed and the structure is used, as shown on the geometrical model given in Fig. 1 . Here, a 1 and a 2 are constants; represent the length of thigh and leg respectively. The variables t 1 and t 2 are the angles for rotatory joints of the hip pitch joint and knee pitch joint respectively. If t 1 is to change, then the hip joint needs to rotate so that it can achieve the desired angle and same goes for t 2 and knee joint too. The (x, y, z) coordinate on the Figure represents the endpoint of the structure. By varying the angles mentioned above, the position of the endpoint will be changed. An exact implementation of proper Inverse Kinematics Solutions will move the structure's endpoint in order to perfectly follow a previously defined path. 
Kinematic solutions for the 2DOF leg using DenavitHartenberg convention
The Forward and Inverse Kinematics Solutions for the designed 2DOF leg of the quadruped robot is derived by using the Denavit-Hartenberg Convention. These solutions will be applied to simulate and control the robot's movement. Four DH parameters (Denavit-Hartenberg) [17] are used to determine the Kinematics and Inverse Kinematics Solution for each leg. In order to define a relative position and orientation of two fixed axes (axes which do not move), link length (also link distance or common normal) (a) and link twist (a) are required. If there are more than two fixed axes, the neighboring common normals in general case will not intersect the common axis at the same point. Hence, a new parameter called link offset (d) is necessary. The angles of the joint (T) will be determined using the Inverse Kinematics Solutions. Only one of these four parameters will be variable for a single link and others will remain constant. Since the structure uses only revolute joints, in this case only the joint angles (T) are variable. As mentioned earlier, the joint angles are defined as t 1 for hip joint rotation and t 2 for knee joint rotation and, a 1 and a 2 are the length of thigh and leg respectively. The parameters for each leg are given in Table 1 .
Since the structure has no prismatic joint, link offset (d) for both the links are zero. Also, the Z-axis of the second link is 90 twisted with respect to the Z-axis of the first link which is the value of link twist (a) for the first link. To represent the equations in an easier way, cosðt 1 Þ and cosðt 2 Þ are defined as c 1 and c 2 , also s 1 and s 2 represent sinðt 1 Þ and sinðt 2 Þ respectively.
Homogeneous transformation matrix H Table 1 . The Denavit-Hartenberg parameters (* represents variable).
The above matrices are to be multiplied to determine the total transformation matrix ðH 0 2 Þ which will represent the complete system. The total transformation matrix T is given in the Eq. (3) where,
In the following equations, x, y, and z are the final coordinates of the corresponding axes of the endpoint for Quadruped's leg. The base motor situated on the origin of Fig. 1 rotates the leg on the Yaw axis/Z axis. Transformation matrix T is used to determine the Inverse Kinematics Solutions. The first three values of the fourth column represent the value of x, y, and z respectively. The Kinematics solutions for the following structure is given in Eqs. (4)e (6):
The Inverse Kinematics Solutions are given in Eqs. (7) and (8):
Inverse Kinematics equations (Eqs. (7)e (8)) are necessary because they describe the necessary angles for the motors to change the position of the end of the leg to any desired point.
Equations for quadruped
To establish the Kinematic chain for the whole body, defining the coordinates of the legs and body is required. The baseplate or body of the robot is a square shaped quaternary link where the four legs are connected to its four corners. In this experiment, the center of the body is considered as the origin of the whole quadruped and denoted as O c . The red arrows and red texts are showing detailed information about the axes.
Similarly, the origin of any leg is considered on the legs hip joint and denoted as O and the Blue arrows and blue texts represent that coordinate's details. In Fig. 2(A) , these coordinates are demonstrated. In the above section, the Inverse Kinematics (IK) solutions for a 2DOF leg structure are deduced (Eqs. (7)e (8)). To move the quadruped robot, the legs should follow a previously defined path with respect to the center of the body of the robot but to implement the IK equations the coordinates with respect to the hip joint of the leg is necessary. Equations that will transform the 'coordinates with respect to body origin' to 'coordinates with respect to leg origin' need to be defined. Since the body dimensions are constant and the legs are attached to the body at a fixed distance, the distance of the body origin and leg origins are fixed. This is shown in Fig. 2(A) . The distance along X coordinate from O c to O is considered as }x 0 } and similarly, }y 0 } is the distance for the Y coordinate. Let's consider the coordinates of the endpoint of the leg with respect to the center of the body, origin O c is ðx c ; y c ; z c Þ and with respect to the legs coordinates, origin O, is ðx; y; zÞ. Now the transformation equations to change the leg's endpoints coordinates from the body structure to leg structure is given in Eqs. (9)e(11):
Since the origins are on the X-Y plane the value for the Z-axis will remain same for both coordinates as shown in Eq. (11).
Leg trajectory and implementation of Inverse Kinematics
To represent how the IK solutions are implemented, we considered a trajectory path for the endpoint of a leg. In Fig. 2 (B), this trajectory path is shown with the dotted line and the arrow represents the direction of the movement. It should be mentioned here that the 2DOF structure has some limitations such as the structure will not be able to move straight toward Z axis without affecting the X and Y coordinates values. But the levitation of endpoint can be effectively performed in this procedure to move the robot's position. In this case, the endpoint will start from point A ðx 1 ; y 1 ; z 1 Þ and it will move from there to point B ðx 2 ; y 2 ; z 2 Þ and then to C ðx 3 ; y 3 ; z 3 Þ and the movement will end on point D ðx 4 ; y 4 ; z 4 Þ. To move from point A to point B, the software on the controller will first calculate the angles of the hip joint and knee joint ðt 1A ; t 2A Þ for point A and then it will calculate same angles ðt 1B ; t 2B Þ for point B. The difference between the hip joint angles of point A to point B is the angle ðt hip Þ that the hip joint motor needs to rotate to move the leg from point A to point B. The same procedure goes for the knee joint motor to determine the rotation angle ðt knee ). This procedure is followed for every point to point movement of the endpoint of the leg. Equations for calculating the angles to move the leg from point A to B are given in Eqs. (12)e (13):
3. Methodology 3.1. Design of the structure
As described earlier, the robot contains four legs and each one has two degrees of freedom of its movement. These two rotational points are the hip joint (which moves both the thigh and leg together on Z-axis) and the knee joint that only moves the leg.
A 3D representative model of the robot is given in Fig. 3 , where the left image shows the top view of the design and the right one shows the bottom. Here, the cylinders represent the rotation axis for every joint and hence the positions of the motors. The whole structure contains eight rotating freedom points. The length of the thighs and legs are 5.5 cm and 9 cm respectively. A square-shaped base with the dimension of 7 cm on each side, holds four legs on its corners. The controller board along with other circuits and sensor will be attached to the top of the base and the power source will be added on the lower side. 
Model of the system and software interface
The robot is controlled from Android environment by using a custom-made Android software. The interface of the software is given in Fig. 4 (right). Using this software backbone, the user will be able to turn on/off the control panel communication using the On and Off button. It will enable six different movements of the robot, which are: forward movement, backward movement, left movement, right movement, clockwise rotation and anti-clockwise rotation. These movements will be performed by using the buttons Front, Back, Left, Right, R-Right, and R-Left. The speed of the robot could also be controlled by the software using the sliding button. HT-05 Bluetooth transceiver will be used with a microcontroller to establish the communication.
The microcontroller will control eight servo motors of all rotating points of the robot.
On the front side of the robot, an ultrasound transceiver is connected which will be used to measure the distance of any obstacle. This will be useful to avoid any collision of the robot with any object when it is moving toward it. If the robot detects any obstacle, it will move to the right or left until the obstacle is avoided. A simple model of the total system is given in the Fig. 4 (left).
Walking algorithm
The walking algorithm of the robot is almost the same for the four directional move- The limbs are numbered from 1 to 4, as given in the Figure, will be used to describe the process. At the first step, the robot will be at a stand position (rest position). During step B, leg 1 and 3 will be moving up towards Z axis. Since leg 1 and 3 are above the ground, the movement of the other legs will move the whole body with respect to the ground. In step C, the hip joints of leg 2 and 4 will change their coordinates toward the forward-left direction, while the endpoints will stay attached to the ground. Since leg 1 and 3 are levitated the whole body will move with this movement toward the forward-left direction. On step D, the endpoints of leg 1 and 3 will touch the ground and 2 and 4 will move up with respect to the ground. After that, a similar movement like the step C will be performed on step E and this time the movement of the body will be dependent on leg 1 and 3 and the body will move in the forwardright direction. On step F, all of the legs will touch the ground so that robot can stand on the ground and be stable. The body will move twice in the whole process; first in the forward-left and second in forward-right direction. With a combination of these movements, the robot will move in the forward direction. Just after the levitation of two legs on step B and D, the body moves forward, which keeps the robot balanced.
Although the robot is unable to keep its balance only on a pair of legs while resting, the entire kinematic process will take place within a short span of time where the body will move forward and thus the balance of the whole structure will be maintained. If the robot stops its movement at any point, it will always balance on all fours. Also, the wide ends of the legs will provide a sufficient support base to keep it from toppling over.
To move right, backward or left this same algorithm will be applied, just by considering the numbers of the limbs 1e4 shifted. For example, if the robot wants to move right the limb 4 will be 1, 3 will be 4, 2 will be 3 and 1 will be 2. For rotation, the above-described steps will be followed except for the steps C and E, where all the legs will move to a certain direction on step C and in an opposite direction to that on step E to rotate the robot in the anti-clockwise direction and vice versa for clockwise rotation.
Results & discussion
Software simulation
The Inverse Kinematics Solutions deduced (Eqs. 7 And 8) to calculate the value of t 1 and t 2 are simulated using a custom-made three-dimensional software interface (Fig. 6) . The software is designed using "Processing" Programming language.
Here, a 2 DOF structure is placed with the appropriate coordinate system where the origin is situated on the hip joint. These coordinates are similar to the robot's leg coordinate system shown in Fig. 2 . In this software, the structure can be viewed from different angles by using the mouse pointer and buttons.
The user is able to change the three-dimensional Cartesian (X, Y, and Z) position values of the endpoint of the structure and the software will calculate the angles for the two joints (hip and knee) using the Inverse Kinematics Solutions. By pressing the 'Right Arrow' and 'Left Arrow' on the keyboard, the user will be able to change the position of the X-axis of the legs endpoint position. The Y-axis value will be varied by using the 'Up Arrow' and 'Down Arrow' key. For Z-axis the 'þ' and '-' key will be used. The software will only rotate the angles of the hip and knee joint. The structure's endpoint will be moved to the given coordinate by rotating the joints with the calculated angles. The software will also show the real-time values of the variables (x, y, z, t 1 , t 2 ) on the X-Y plane.
The output of the simulation software gives the predicted results, which concludes that these equations can be used to move the limbs of the quadruped to any predetermined position by rotating the motors with the calculated angles from the solutions.
Developed hardware
The developed hardware with the full setup is shown in Fig. 7 . Fig. 7(a) and (b) are showing different views of the developed quadruped robot. The structure of the robot is designed and shaped by hand from 1.5 mm aluminum sheet. Every piece was drilled at a certain distance to reduce the weight of the robot. Nuts and bolts are used to connect different parts together. To attach the battery on the bottom of the robot glue gun is used. A thin foam is placed between the circuits and base of the robot, which will void any short-circuit phenomenon due to the metallic base of the robot.
Automatic obstacle avoidance
The Ultrasound sensor (Ping) can detect any obstacle within 2 cme300 cm approximately. The sensor has an ultrasound signal transmitter and a receiver combined with one circuit. The microcontroller will send a predefined sequence of a signal using the transmitter and will wait for the receiver to pick up the signal with the same sequence. After that, the delay between and transmission and receiving the signal is multiplied by the velocity of sound to calculate the distance of any unwanted obstacle situated in front of the robot. The robot uses this obstacle sensing to avoid any impediment automatically and dodges any collision. This automatic obstacle avoiding system can help the robot to move along a guided path and reach any destination. This is also usable in case the robot needs to find any object in any open field.
The distance 300 cm is 1500% of the total length of the robot, which is approximately 20 cm, including the legs. There is a problem associated with the whole system, which is if any obstacle has a smooth surface and the angular position with respect to the robot in such a way that, it will reflect the sound signals in directions opposite to the robot, the probability of the robot to detect the distance successfully before colliding low. However, considering that situation is rare, the obstacle avoidance system is a success in reducing the collision of the robot during forwarding movement.
Speed measurement
The robot responds to the given command from the Android environment as designed. The Robot was made to move forward alongside a scale of 0 cme100 cm and a camera recorded this movement of the robot. The displacement is recorded from the scale and the time duration is calculated from the video and these are used to calculate the speed of the robot. Four different images of the robot's movement from 0 second to 6 seconds on the video are given in Fig. 8 . The robot is using the ultrasound sensor to measure obstacles. Currently, it is programmed to avoid any obstacle that is closer than 20 cm to the robot's front side.
If it detects any obstacle within the 20 cm range, it will move either left or right until the obstacle is avoided (or not within 20 cm), and then it will move forward again. For the time being the sensor is fixed on the structure, but it can be attached to a servo motor so that obstacles can be detected in other directions too. 
Conclusions
In this paper, a quadruped robot is designed that can be controlled by an Android operating system. The custom-made three-dimensional software simulates the 2DOF leg of the robot. The movement of the leg on simulation software is performed using the Inverse Kinematics Solutions that are obtained using the DenavitHartenberg convention. The simulation demonstrates that the expected results of the movement and these equations could be used to control the movement of the robot's limbs. This robot can move in any of the four directions almost instantly without full body rotation, which makes the robot more dynamic. It can move at a speed of approximately 15.5 cm/s. It can successfully detect obstacles within 300 cm and will avoid them if they are closer than 20 cm. The robot will be able to move on a guided path sensing the obstacles previously placed to create the path. Remote controlling from the Android operating system along with its automatic obstacle avoiding feature makes the robot efficient to reach any destination as desired. The robot faces some difficulty walking through slippery surfaces. The endpoint of the leg of the robot needs to be mechanically improved so that it would be able to create enough friction even on slippery surfaces. Current structure cannot walk on very rough terrain and walk on such surface can be implemented if the robot is designed in 3DOF limb structure instead of 2DOF limbs. Designing the structure with more degrees of freedom can give the robot more advantages like climbing 
